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Attention?! Commandins Officer
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Ai.tached 1s thg_ggggrt on the results of the demon-
stretici and utilization of the crustlc orocess for —
removinc excess carbon dioxlide from submarine atmospheres
as carrled out on the submarine Haddock as a part of
Operat.on Hideout. Operation Hideout was carried out to
determine the maximum carbon dloxide concentration that
perscrniiel could withstand over long perlods of time. .

O.eration Hideout was begun early in 1953 after
several months of preparation and required a means to
remove excess carbon dioxide in order to maintain its
content in the atmosphere at the desired value. The
causti: process served this purpose excellently and,
in add’tion, romoved smoke and odors to a remarkable
dogree according to submarine and medical officers who

werc fwmiliar with submarine conditionse.

Ti.e attached report covers the data and information
ottain:d on the caustic unit which was operated during

Cperation Hideout.
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ABSTRACT

Operation Hideout took place from January 19, 1953 through March 19,
1953. This operation, orpanized to study extensively the prolonged ex-
posure of personnel to high concentrations of carbon dioxide, utilized
the caustic scrubber for the removal of excess carbon dioxide. This
scrubber, developed by Northwestern Technological Institute, was in
operation during the “closed up" portion of the operation, between Janu-
ary 27, 1953 and March 10, 1953, Cfince the carbon dioxide content of the
air in this operation was nigher than the design basis of the scrubber
(1.5% compared to 1$) and the personnel was less than a regular submarine
crew, the scrubber was operated intermittently.

The installation was a succesc in that the desired carbon dioxide
content of the air wa: nmaintained at the desired 1.5% value.

The scrubber operation was as expuctad, It removed carbon dioxide
at an average rate f 9.77 pounds per hour at an average caustic utiliza~
tion of 9C.3%. Tho renoval rate and caustic utilization was expected to
be higher than tha values obtained for 1% carbor dioxide in air. This
increase in caustic utilization st tuese conditions would permit a
greater than 124 decrease in the requireu caustic storage. The absence
of odors and cigarette smoke in the submarine wa: commented on by Navy
personnel femiliar with submarine operation, and this condition can be
attributed to the scrubber.

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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CAUSTIC PROCESS
CARBON DIOXIDE REMOVAL SYSTEM
OPERATION HIDEOUT
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INTRODUCTION

Operation Hideout was initiated to bring closer to realiza-
tion exact knowledge of the carbon dioxide concentrations which
personnel might be able to withstand when exposed to it for
extended periods. This information is necessary in order to
design accurately equibment to control the carbon dioxide concen-
tration of the atmosphere of a submarine.

The era of the perfect submarine is fast approaching. Up to
' the present time a limitins~ factor in submarine submergence was
' the power avallability within the submarine when comple tely sube
merged. Submarines are electrically powered and when submerged
obtain their power supply from storage batteries which require
frequent rechargins for which the submarine must surface. Since
the subtmergence time was limited by power, the limitations on
length of submergence by personnel was of ten not criticale. The
development of power sources, particularly nuclear, has reached
a stage where the power source on the submarine will no longer be
a limiting factor for governing the submergence time. With this
! recent development in atomic research, the ctomic-power_submarino
will have a continuous supply of energy for operatibn and there-
g fore it will be capable of staying submerged for long periods.
| This development has progressed to where two nuclear powered
boats, Nautilus and Sea Wolf, are under construction.

i With the realization of a perfect submarine the human

factor becomes critical. What are the maximum concentrations

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN
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of various constituents in air that humans can stand? Carbdon
dioxide 1s one of the nrinciple constituents that must be
studied to determine the concentration that personnel can
withstande Since personnel renerate carbon dioxide, the
%oncentration can quickly build up to a point where the
nersonnel are adversely affected. Firure 1 shows the time
required for the concentration of carbon dioxide to reach

a given value in an 1solated space. Trarameters are showm

for various values of free volume avallable per person. In
Operation Hideout the free volume per person was appro:x;imately
1000 cubiec feet. This plot is based upon the carbon dloxide
generated by a person exhibiting moderate movement, sitting,
or movement of arms and head as in desk activity with only
occasional walkingsl’A slee~inir person would generate care
bon dloxide at a much lower rate so that the daily average
generation rate (night and day) is sligutly lower.(h’

The normal concentration of carbon dioxide in the
atmosphere 1s 0.03%. While it is possible to maintain the
atrmosphere in any closed space at thils low carbon‘dioxide
concentration the equinment reanuired to perform the task
would or could be tremendouse. Such would be the case in
a submarine containing 60 to 100 men or more.

The equipment required to remove excess carbon dioxide
increases in size as the tolerable concentration limit is
decreased. It i1s therefore desirable to maintain this

upper carbon dioxide concentration as high as possible.

The upper concentration limitations have been studied by
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medical personnel for some time and-’ndications that the
upper limit was 1.5 were now beins verifled. Operation
Hideout was then desiined to vexrIfy on a comprehensive scale
this maximum carbon dioxide concentration.

In order to obtain the value of ti.ls naxirmm carbon
d‘oxide concontration, wiich cculy ticn be used for des'™n
purpogas on carbon dioxide re .oval equlpment on future
. submarines, arran-ements were nade for the ndilcal Research
I
| Laboratory to earry out the recessary tecst.
| Uperatlion .ildeout was taus Instituted by the 'fedfcal
Researcn Lavoratory at the U. S. laval Submarine Sase ot
. New London, Connecticut. This vork was very success™lly

orpanized and earried out under *the cortmand of Cormander
TGerald J. Duffner, MC, USH, c?flcer in char::e of the
. Medical Researcn Laboratory. Tnc “roject offlizer for the
test was Lt. Plerce P. licwvaan, !NC, UST, whose tlrcless
efforts were respons ble for tac successo” the teste Lte
Newman prepared aund coordinated the details, set the ex-
neriment in operation and supervised its execeutione. Lt.
Newman was very ably assisted by Chiefl Torpedoman's :late
| James D. Evans, USN, as well as havin~ the complete coover-
ation of the volunteers, working details, and all the other
i medical offlcers and men who were involved with Operation
Hideout,.

The test 1tself required that the carbon dloxide cone

centration be kept from building up above 1.5%0.1". The

caustlec unit was canable of doing thise The unit was

CHEMICA. ENGINEERING LABORATORY, CHEMICAL ENGINEERING OEPARTMENT, NORTHWESTEAN UNIVERSITY
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available and could be installed quickly and adapted easily
! although 1t had not been engineered for actual installation in
, a submarine. Lt. Commander F. M. Fellows of the Office of Naval
Research arranged for the use of the caustic unit for this test.

Upon the completion of the arrangements to use the caustic
unit for the removal of carbon dioxide, a conference at the
United States Naval Submarine Base at New London between the
Medical Research Laboratory and Northwestern Technological Institute
was arranged to work out the details of the scrubber installation.
This conference in November, 1952, was arranced for the purpose
of determining the avallabllity of equipment, materials, and
suppllies required in the installation of the carbon dioxide
removal apvparatus. The means for obtaining nesded materials when
such were unavailable for purchase or loan on the base was deter-
mined. The availabllity of utilities was also determined. Other
detalls of the teast were discussed and what the proposed plans
for the test were as of that date.

Late in Decembesr of 1952 final plans were formulated and
rigging of the submarine for the test was initiatede On Decen-
| ber 29, 1952, Mr. Sollami, a representative of the Chemical
? Engineering Laboratory of Northwestern Technological Institute,
3 went to Ndw London to follow the installation and operation of
. the caustic carbon dioxide removal system.
The test was to be carried out aboard the submarine

; Ue. S¢ 3. Haddock (SS231)e« The submarine was not chosen

| CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY




to simulate conditions aboard a submarine but principally
because it provided a very satisfactory test chamber. To
build a chamber a large expenditure of $30,000 or more

would have been required, whereas the adaptation of the

submarine resulted in a very modest expense. It was orig-
inally planned to moor this submarine in the Thames River
alongside pier 13. These plans were subsequently changed,
and the Haddock was moored outboard of the submarine tender,

Proteus. This resulted in considerably more effort and

inconvenience in carrying out the test but was a necessary
navy procedure. A work barpge was then moored outboard of |
the Haddock; the submarine thus was between the Proteus and
the barge. The barge served as operating base and a storage

depot. i

Only five of the nine compartments of the Haddock, a
fleet type submarine, were used in the test. Reading from

bow to stern the five compartments were as follows: forward

torpedo room, forward battery compartment, control room,
} after battery compartment, and forward engine roome The re-
| maining four compartments were isolated from the test come
partments. The free volume space in the test section was
estimated at approximately 23,000 cubic feet.

For the teat 22 seamen and one medical officer, Lt. Come
mander Ralph E. Faucett, the commanding officer, were sealed
in the submarine in these five compartments for sixty days,
‘ January 19, 1953 to March 19, 1953, Without carbon dioxide re
. moval equipment in an isolated space of 23,000 cu. ft. with 23 men

i CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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generating carbon dioxide at a rate equivalent to that
associated with moderate movement the carbon dioxide
concentration would reach a value of 1.5% in approximately
1l hourssl)This can be seen from Figure 1. In the Haddock,
in addition to the 23 volunteers, were white rats, ruinea
pigs, physiological and psychological testing equipment, and
the atmospheric control equipmente All this was housed in
the five compartments of the Haddock which were used for this
experiment.

In the determination of the effect of the 1.5% carbon
dioxide atmosphere many medical examinations were required.
These included the physiological, psychophysiological, psychoe
logical, and sociological tests. The medical aspects of the
test were the sole responsibility of the Medical Research
Laboratory at the New London Submarine Base, whose activities
were guilded by the Project officer, Lt. Newman, under the
command of Cammander G. Je. Duffner. This medical phase will,
of course, not be discussed in any manner 1n this report.

The public interest of Operation Hideout can be
shown by the large amount of publicity which it had received
during and after its completion. Figure 2 1s an example
of one of many news releases which emanated from this ex-
periment. This article apveared in The New York Herald
Tribune on Wednesday, February 11, 1953. The importance
of determining the maximum allowable concentrations of car-
bon dioxide for prolonged exposure 1s brought out in the
article.




TRAE WEATHER

Today: Increasing cloudiness,
with moderate to fresh north-
erly winds.

Temperatures Yestorday: Max.. 38.5: Min., 359,
Todar's Probadle Range: Max. 39; Min. 5.
Rumidity at 3 9. m. Vesterday: ¢4%.
Bxpected Humidity This Afterncen: 4-30%.

Detailed Reportand Map—Page3?

European Editio

112th Year

yor. cxut
NO. 18.3M4

Vo Decisio
)n Blockad
)f Red Chinaj

230 West 41st Street, New York 36, N. Y.
Telephone PEnnsylvanis §-1008

P Herald Tribyne Bureau
'ulles and Bradlcv WA:HINGTON, Feb. 10.—Navy
" §offials  disclosed  today that

.eport Lo Senalor

Sfiwenty-two satlors and & med:cal
officer, who volunteered for the
experiment, have been “bottled up”

"“(‘_V Asserts Shipmenm & moored submarine at New

of Arm~ to Formosa I

ondon, Conn., since mid-January
®%in a two-month test to determine

marine's atmosphere with life-
sustaining air.

Navy officials said the purpose
of the experiment is to determine
the tolerance of submurine crews
over long periods to higher-than-
normal concentrations of carbon
dioxide in the air.

It was said that air containing
more than 3 per cent carbon di-
oxide .s considered highly danger-
ous by submarine experts, but that
the concentrations during the
Haddock test probably would run
as high or higher at times than 2
per cent. This gas, which 18 not
poinsonous but has a “smothering”
effect that can be ratal if too high
a percentage 1s present in breath-
ing air, is a by-product of human
respiration.
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high affinity for carbon dioxide
and remove it from the air bv ab-
sorption. Since atomic submarines
are expected to be able to remain
submerged aimost indefinitely be-
cause their power plants will not
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designed to find out the human-
endurance factor aboard such
craft.
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Underlined in the news releasc is the statement about
the equipment uased to remove tire sarbon dioxide frum the air.
This equipment was desicned, bullt, and laboratory tested
for the Iffice of Naval Research by this laboratory, and
Overation Hideout afforded the opportunity to demonstrate
the effectiveness of the processe It ‘s this equi-ment, as
underlined in the news release, ~nd 1its oneration during
Operation Hideout wnich 1s the substance of this reporte.

Tnis equinment had been desirned for the Office of
Naval Research to re-iove T«.5 pounds of zarbon dicxide per
hour from an atmosniere havins o concentration of 19 carbon
dioxide. V..1th the exception or the inlet ras composition,
wilch '3 le5% in the test, and other factors which it directly
affected, the unit was onerated according to the design
speclficatlions.

Because of t'ie rore ricorous desl 1 regquircrients o"
the unit and because the mumher of rcn was 2 (instead of
the normal cormlerent of about 70) the carbon dioxide re=-
moval rate would be too rreat and the carbon diocxide con-
tent of the air would be too low for tnls teste This re-
quired auxiliary controls to turn the scrubber on when the
carbon dioxide concentration reachecd a certaln level and to
turn the scrubber off when the earbon cloxide concentration
fell below & cortain level. The »nlang called for controlling
the carbon dloxide concentration at 1.510.1%,but the elecw
tronic pear actually controlled much more accurately than

thise Allowance for humon error in thc calibration of the
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instrument would st{ll maintaln this acecuracye.
The equipment arrangemnent riade it possible to control the
carbon dioxide content at any reasonaitle concentratlon that

' misht have been degireds The oxyien was controlled at 20.5%0,5%,

and the carbon dioxide content was controllnd at loSIO.lf.

i,




EQUIPMENT AND INSTALLATION

The installation of the caustic process equipment aboard

. the Haddock was begun on December 30, 1952,

" Caust ocess

The caustic process squipment was designed to remove 7.5

. pounds of carbon dioxide per hour from an atmosphere having a

concentration of 14 carbon dioxide. This rate of carbon dioxide

- removal was based upon the theoretical exhalation from a full

complement (approximately 80 men) of a fleet type submarine during
its actual operation.

Detailed design specifications for the caustic unit, oper-
ating data, and operating curves are presented in this projectt's
previous report.‘B) This unit, developed for the Office of Naval
Research, is a non-regenerative type carbon dioxide removal
apparatus. In non-regenerative systems either the absorbdbing

materials can not be reused or it is more expedient to discard

. the materials rather than to go through another process which may

¢
i
¢

|
|
;
|
%
|
|
|

be very complex, intricate, cumbersome or uneconomical to prepare
the materials for reuse. Such 1s the case with the sodium carbon-
ate formed when carbon dioxide reacts with sodium hydroxide in

the caustic unit.

For this non-regenerative system there is an 8§i utiliza-
tion of the sodlium hydroxide when the unit is operated according
to the design conditions. The operating characteristics for the
caustic system are presented in Table 1.

These operating conditions were very closely followed by

| the unit as installed for Operation Hideouts The conditions
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Table 1
' OPERATING CHARACTERISTICS FOR THE CAUSTIC UNIT
t
Rates of stre
Alr raez 90 1b. moWwhr. :
39 sefm . .
0 ofm at S80°F and
750 MMe Hg.
Liquid recycle rate 60 gpm .
Caustic (28.5%) feed rate 59.6 1b/hre
Water feed rate--theoretical 127.1 lb/hr.
net (Depends on humidity)
Effluent liquid rate 186.7 1b/hr.
Defoamer rate 1 fluid ounce/hr.
Pressures
ower operating pressure 1 atma.
Pressure drop in tower 9 inches H,0
Com tions (Theoretical)
: n 1 £ €O,
Air out 0.8 % CoO
Liquid feed (composite) 2.5 N NafE
Nil Na 003
Effluent liquid 0eS N NaOR®
20 N Na,CO
2773
CO, removed from air 7¢5 1b/hr.

: Caugtic utilization 8o #
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that were not dunlicated included the compositions of the
inlet air and effluent air and the composition of the effluent
liquid stresms. The composition of the inlet alr during this
t~st was l.57 carbon dioxide instead of 17 carbon dioxide.

This chanpe in eondition ihen resulted in changed conditlons

for the outlet alr comnosition and effluent liquid composition.

An increase in the carbon dioxide content of the air fed
to the equlpment nermits the system to operate with a higher
drivin~ votential which results in an increase in the carban
dioxide absorption rate. Thus, the scrubber, which was designed
to remove 7.5 pounds of carbon dioxide per hour with an inlet
carbon dioxide concentration of 1lis, snould rermove carbon di=
oxide at a rate above 7.5 pounds per nour with an inlet carbon
dioxide concentration of l.5%.

I” the flow rates of the ailr and liquid streans (including
the caustic feed solution) are not changed, to#s increased
carbon dioxide absorption rate will take place which will in
turn increase the utilization of the caustic to psreater than the
207 valuee
Location of Scrubbep

it was desired to locate the scrubber in an inconspicuous
place where it would not interfere with the conduction of the
tests by the medical personnele In addition it was necessary
to locate it where it could be convenlently connected to the
ventilation aystem and without altering the boaﬁ's structure.

It was also desirable, but not necessary, to inatall the unit
where 1t might be observed and any lmproper operation noteds

B




The nossible alternate locations for the carbon dioxide
removal equipment and the methods of connoctings the system
were discussed at the Noverber meetinse The simplest and
easiest installation was desired, because the installatlon
was temporary and the allotted installation time was short.

In the early plans as discussed in lcvember, the lorward
tornedo room wasn't included in the test compartments, and
therefore the serubber and blower were to be located in the
forward enrine room. Ior the connection of the caustic unlt
it was planned to have the inlet to the unit's blower and
the exhaust from the unit tled into the same duect of the ship's
ventilation systeme The carbon dioxide rich air was to be
drawn "rom a point sli-~htly unstream from the point at wnich
the carbon dioxide lean atlr was to be returned to the duct.
This is 1llustrated in Fipure 3.

Late in December when final plans were bain~ formulated,
the plans called for the earbon dioxide and oxyren control
equinment to ba placed in the forward torpedo »oom which
would then be a nart of the test spnace of the Haddock. The
final decision to use the forward tormedo room as a part of
the test spaece and to house the control gear in this come
partaent permitted the serubber to be installed also in this
. compartmente The installation of the scrubber here was
advantageous on several counts. It permitted the watch of
the control gear to observe also the scrubber operatione The
installation of the equiprment was simplified. The work space
was iar\gorx permitting more freedom for persommel around the
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equipment for observatione Access to the scrubber direct
from the top deck was now possible, and the scrubber could
be inspected without tne necessity of passing through the
remaining test compartments.
Lguipment Required

The equipment required for this installation can be
divided into two groups. The primary group consists of the

equipment required to accomplish the desired resultse. This

would include that which vwould be required in a regular,
routine installatione It would include the absorption tower,
the recirculation pump, and the caustic feed flow controllere
The secondary group would consist of equipment neoeded
because of the temporary nature of the installation. Also
the improvisations and equipment required to observe or
measure the operation to demonstrate its action more accuratelye.
Source of Equipment and Supplies
The major items of equioment such as the absorption tower,
proportionating feed pump, defoamer, liquid recirculation pump,
. blower, and other equipment which might be needed in ths test
| were shipped from Northwestern Technological Institute. Much
of this equinment was borrowed from the facilities of the
Chemical Engineering Department. The equipment shipped from
Evanston is listed in Table 2. Also included in this table
are pertinent materials and supplies needed for the teat.
It was determined at the November meeting that supplies

such as pipe, pipe rittings, sheet metal, duct work, and elecw
trical supplies other than those in Table 2 could be procured
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Table 2

NATERIAL SHIPPED FROM NORTHWESTERN TECHNOLOGICAL
INSTITUTE FOR USE IN OPERATION HIDEOUT

Identification
Quantity Description : Number
2 Transfer pumps Ch E P55
1l Hills McCanna proportionating pump Ch g ;§§h
Ch
1 Portable lightning mixer Ch E M7
.2 Displacement water meters Ch E M34A
b § Recyele pump Ch E 35
Ch E P39
1 Blower (U. S. War Depte. No. S0870) M B8 ;
1l Hasting airmeter Ch E A23 i
1l Flowrite airmeter Ch E A23
1l Carbon dioxide regulator Ch E R119
2 Schutte Koerting rotameters Ch E R8O
Ch E 36&
2 Manome ters Ch E 8
Ch E 88B
1 Electric timer Ch E 11
1l Absorption tower ececscse
1 Defoamer esoscsee
8 Noe 2 « 16" x 25" x 2" riber glass
dust-stop filters TR xx
8 cu ft Berl saddles eccescee
5 Disconnect switches sevcevee
5 St&rtﬂ.‘l eecccooe
3 Tower blower adapters eccrcens
- 2", 1/2", and 1/," piping and valves csccscse
Gogglal ssoeccosve
Pair rubbepr glo"" ssceccsoe
Dust masks sssvevee
25 Cotton pad refills for masks ecesesee
80 100 1b. drums sodium hydroxid’ esesecse
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through the stores at New London and would therefore not have to be
shipped from Evanston.
i The electrical equipment which was available for use in this
! test required either 220 volt or 110 volt 60 cycle A. C. current.
| It would have been undesirable to purchase direct current motors
specifically for this test because of the cost and time required
for its procurement. This became unnecessary because the Haddock
had been stripped of its batteries and power was to be fed to the
boat from shore installationse.
i The exact equipment required for the process was unavallable
| in many cases so that oversize equipment was used and throttled to
produce the proper characteristicse. The air blower was an example
| of such equipment. The blower used was considerably oversise.
Scrubber Installation
’ To install the scrubber it was necessary to cut it and rewsld
: it inside the boat. The scrubber and the other auxiliary equipment
which were installed are illustrated in the flowsheet, Pigure l.
i This included all equipment of both groups, the primary group
needed for a standard installation, and the secondary group needed
to demonstrite its operation and to improvise far the temporary
installation.

The air was pulled from the ventilation system by the
blower, forced through the scrubber and entralmment separator
and back to the ventilation system. The cardon dioxide was
removed from this air stream by the caustic solution in tho
sorubber. The intimate contact required b-woon the caustie
soluncn mﬁ tha dr va accanpum w ozmuh;ﬁ.ns tho solution
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the bottom with the recycle pump and feeding it back into the

top of the scrubber throurh a lliquid distributore

To rerlace the caustic whicit has been used, fresh caustic
is fed into the systeme The caustic solutlion comes from the
temporary caustic and water supply tanks and 1s fed into the
system by metering pumps. A flow metoer (FM) 1s also placed
in this feed 1lilne to verify the flow rate.

The used caustic solution flows out of the scrubber

throurh an overflow on the sumpe Thils could be pumped directly

to the sea, or let flow to one of the tanks or to the bilge
and pumped out periodicallye This installation utilized a
small waste tank and a centrifural punpe The waste tank level
was controlled bty a liquid level controller. |
The equipment lnstalled Insicde the submarine in the forward é
torpedo room consisted of the scratber, blower, recycle pump, ?
discharge pump, waste sump tank, “isvlacement 1liquld meter, and j
nanometers All these items wiere nlaced just forward of the !
after bulkhead and sonar rear on the port side (left side) of
the forward torpedo roome This equipment covers an area
aporoximately 9 feet long and 2 feet wilde.
Compactness of the equipment for this set-up was not re-
quired or desirede The installation was temporary, because
the authoritles did not permit any changes in the submarine
structure.s Ag a result the equipment was spread out in a
long narrow bande. This allowed more space in the middle of the
compartment for personnel traffic. TFigures 5, 6, 7, 8, and 9

show Qifferent views of the installation of this equipment in

' CHEMICA. o NGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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the rorward torpedo roone Ihe scrubber was placed on the
nlatform deck with the deck plate removede. This was done

so that observation could be maintained on the other equip-
ment which had to be installed in the space below the unit.
This 1s clearly shown in “irures 3 and 9. The blower shovn

in Tirure 6 was bolted to stronrbacks which in turn were
anchored by clanps to the platform deck supportse. This blower
was also mounted on rubber pads in order to decrease any
vibrational noises.

The capacity of the blower shown 1n this flgure exceeds
considerably the air flow rate desired for a carbon dioxide
scrubber. This process would require a blowver similar to
the battery blower, but none were avallable for this teste
No blower of the exact size was avalilable at Northwestern
Technolo~ical Institute. iiowever, for the temporary install-
ation thls large oversized blower was used and throttled to
the proper rate.

A manometer was connected to the inlet and outlet of the
towere This was used as a measure of the air flow through
the unit. It could also be used as an indicator for detecting
any excessive foaming of the solution within the scrubber,
detecting any stoppages in the fiber glass dust-stop, or

detecting any other operational problems. It was mounted in

27

the front of the scrubber and i{s visible in Figures 5, 6, and 7.

A top view of the space below the platform deck on which
the scrubber was placed 1a rore clearly shown in Figure 8.

This figure shows the recycle lines to and from the scrubber,

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY

‘ ?SL "TR'CT""




. RESTRCTED - 2

the liquid level control fror the sump on the scrubber, and the
waste liquid tank witih the float type liquid level controle.
Figure 9 is a picture of the same below deck area diroctly
below the scrubber snowing the space limitation in which the
recycle and waste dlscharge pumps and waste tank were installede.
In the background of this figure the waste discharge tank l1s
faintly visible.

Figure 5 is a view of the scrubber and the electrical
power panel from which the unit operated. The equipment
mounted on this panel included disconnect switches, starting
relays, motor starters, an electrical timer, and an analyti=-
cal time delay relaye.

The air lines to tho inlet and outlet of the scrubber
and the liquid inlet line are shown best in IFlgure 7. These
lines were installed for functlonal use only with what matorials
were available. The winding nature of these ducts would not
be desirable or necessary in a regular installation. The ducts
very excellently served the purpose of conducting the air
stream between the ventilation system and the scrubbere.

The air supply to the carbon dioxide scrubber 1s essen-
tially similar to that originally proposed with the exception
that the connections are made at the terminals of the snip's
venilation systeme The connections to the supply main can be
seen in Figure 7. The main 1s continued and opens behind the
chain falle A damper in this line near the outlet controls
the air supply to the forward torpedo roome The outlet from

the entralnment separator 1s looped back in order that it could

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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be connected to the ventilation exhaust maine This is tied
into the exhaust ventilation main in a manner similar to the
connection to the supply ventilatlon main.

Both the waste discharge stream and the feed solution
liquid stream go to the outside of the boat through a dummy
haetche These lines can be seen goins to the hatech, which is
visible in the upper left hand corner of Figure 7. The feed
solution roes through the displacement type water meter located
on too of the carbon diox!de scrubber and then to the unit.
This meter is shown in Figures 5 and 7.

Viith the exception of the control equiovment the above
is the entire equinment which was installed in the forward
torpedo roome Some of this equipment was installed for test
purposes and will not be required on a final unite.

Caustic Storage and Method of Feed

It was determined at the November meeting that the 28.5%
caustic feed solution could be stored either on the piler or on
the work barge. From there the solution could be pumped by a
proportionating pump into the Haddock to the unit through the
hich salvage line. VWith these plans it would have been necess-
ary to run a flexible line between the barge and the submarine,
To insure that the line would remain intact during shifting
and to insure that the 1line would not freeze would have re-
sulted in difficult but solvable problems.

As the final plans became formulated in December it was
deemed possible to store the caustic solution on the bow of

the submarine. Thls was much more convenient. This storage

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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was, of course, a temporary measure for use in this test onlye.
The feed solution could be stored in several manners in a re-
gular installatione.

The concentrated solution of caustic could be mixed as 1t
was needed on the boat or else the ontire supply could te mixed
and stored as suche. I'or the formor method the pure sodium hy-
droxide must be stored inside the submarine as solid and a sole
ution made with sea water durinc the time the caustic unit is
in operation. The mixin~ o the concentrated caustic aboard the
submarine would require additional equirment and a strict cnforce-
ment of the safety rcquirements. This would be similar to hand-
ling the carbon dloxide abscrbent presently used aboard subma-
rines. The storage cof the solid sodium hydroxide and the addi-
tional mixing equi-ment would require space inside the subme-
riney, and the actual mixing aboard the submarine would be un-
desirable. In the latter, the solution can be mixed aboard
submarine tenders or ashore with fresh water or sea water whichever

was accesslble. This solution can then be stored in a ballast

. tank or in plastic bags, both of which do not affect the aval-

' lable space inside the submarine. There are probably other

. possibilites, but up to date the storage in plastic bags appears

to show the greatest promise.

The use of plastic bags for stowage was based on the con-
dition that they be placed outside the pressure hull of the
submarine in the frese flooding main ballast tanks which are

~between the pressure and outer hull and are seoarated by light

i

athwartship bulkheads. These plastic bags would be manifolded

C(HEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY

A AT ke




RESTRICIED 5

together so that the 28.5% caustic solution can be drawn from any
one or all of the containers. In this way the storage of the
solution would not require any space which is so vital inside a
submarine. The caustic solution in the bags being exposed to sea
pressure could be easily utilized by allowing this pressure to
force the required solution into the scrubbere. This matter of
storage is discussed in greater detail as to the structure, con-
struction, and arrangement of the plastic bags in this project's
previous reports.(2’3)

However, since the installation for Operation Hideout was a
temporary one and was for only a short duration, the use of the
plastic bags for stowage was not warranted. Instead, the more
temporary arrangement of using large metal tanks was adopted.
The sodium hydroxide and the dilution water tanks were placed on
the bow of the Haddock forward of the forward escape trunk hatche.
The caustic solution strength was 28.5%, which is the strength
that is propose& to store the caustic in plastic bagse.

The freezing point of 28.5% sodium hydroxide is 3°C below
the freezing point of water, or «3°C. If the caustic solution were
stored in plastic bags, it would be surrounded by sea water. The
coldest sea water 1s about -2'cj5) Therefore, the concentration
of the caustic was 80 chosen that the solidification of the solu-
tion would occur below the freezing point of sea water.

The water to be used in this process would normally be

drawn from the sea. This could have been done in this test

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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tut would rossitly have resulted In problems due to the debrls
in the river. This 13 not serious since stralners could have
been nrovided and cleaned, but shcecven a temporary interfer-
ence in the carbon dloxlde content of the air might influcnce
the medlcal tests and would be undeslirable, it was dccided to
use clean water. To insure an adequate supply 1in case of an
inte»ruption of service from s.ore lnstallations, a holding

: for a rescerve wasg providede. Other problems such as pluge

-

tan
sinc of the line due to freeczins: also Influenced the choice
of usin~ a storage tank where btattror c_ntrol couli be maine
tained.

The storage tanks used for the 1ligquilds were available
In the salva~n Jdenot at New London and were utilized because
o” thelr accessibility rather than for the purnose for whieh
they were Intended. Thesoe tanks had to be altered to allow
for draina-e and for heatinc~ facilities to be installed.
Ml~ure 10 shows a view of the top deck installation including
the two storape tanks. The larrer of the tanks appearing in
the backcsround was used for caustic storape and the other for
water storage.

Provisions were necessary to icecp the solutions in a 1%-
quid stale for the duration of the teste. Since these liquids
were eoxposed to the cold winter weather, arrangements were
necessary to keep the caustic and water in the storage tanks
from freezinge Steam was admitted directly into the water
tank since the condensate could be used as dilution watere

For the caustiec solution, however, the steam was introduced

32
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into coils which were installed in the caustic storage tank,
and the condensate was dlscharged overboarde.

Instelled next to the storage tanks were the metering
pumps (driven by a single motor)e In this temporary instale
lation the metering pump was used nrimarily to meter and cone-
trol the flow since the head of the tank would have been suf-
ficlent to provide the flowe This metering pump could and
would normally be replaced by a flow controllere. The pump is
seen in Ficure 10. The proportionating pump is equipped with
an air dome to rive a cushionin; effect to the flowing liquid
stream and is equipped with a pressure relief valve downstream
to insure the proper flow when tne pump is operating. The
cholce of putting the feed pumps near the feed tanks rather
than inslde at the unit had no special reason. With instal-
lation on the top deck, one, instead of two, lines had to be
steam traced, and the noise of the pumps which was not a ne-
cessary function of the unit would not be imposed unnecessa-
rily on the personnel. The proportionating pump was kept warm
by wrapping two loops of flexible piping around it and covering
this with a wooden bax.

The transfer lines from the tanks to the pump were traced
with 1/2" copper tubing through which steam flowed. Both of
these lines were wrapped together with [" wide canvas strips
in order to insulate the warm lines from the atmosphere. The
wrapped lines from the tanks to the pump and the flexible pip~
ing can be seen in Firure 10. The transfer line conveying the
feed solution from the pump to the dummy hatch was similarly

(.HEMICAL. ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTMWESTERN UNIVERSITY
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wrapnede This line then proceeded through the dummy hateh to
the liquid disnlacement meter on top of the caustic unit.

Control Equipment

Since the continuous operation of the scrubber would have
resulted in a carbon dioxide concentration much lower than the
desired value it was necessary to make provisions for preventing
this situations It could be accomplished by any of the follow-
ing methodse.

l. Run the scrubber continuously and introduce extra
carbon dioxide from tanks to take care of the excess capactly
of the scrubber.

2e¢ Run the scrubber continuously but at operating condi-
tions much below design specifications.

3. Run the scrubber intermittently and maintain the con-
centration between narrow limits.

The generation rate would not be constant throughout a
twenty~four hour day because of the variation in the activity
of the personnel. The entrance and exit of the medical teams
and observers resulted in an even more variable total generation
rate.

The second method was not a desirable one because it would
give no true indication of the capabilities of the scrubber.
Also because of the variations in the carbon dioxide generation
rate, 1t would be very difficult to follow the generation rate
with the removal rate. The time lag would be great and the

ability to maintain the carbon dioxide concentration at exactly
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the 1.5% level would have been difficulte. The carbon dloxide
concentration would tend to fluctuate over a wide range.

The first method would require the consumption of consider-
able carbon dioxide from the tanks, about 6 pounds an hour,
or about 6000 pounds for the test.

The third method had the most desirable conditions and was
the method actually used. This method called for intermittent
operation of the scrubber. The turning on and off could have
been done ﬁanually whenever the concentration so indicated that
one or the other should be done. It could also be done automae
tically by electronic controls. These permit the concentration
to be controlled over a finer range and permit a much more re-
liable control in that they eliminate the human error.

The electronic equipment used in Operation Hideout for
controlling the atmosphere of the submarine at the proper level
of carbon dioxide was installed on the starboard side of the
forward torpedo room directly opposite the scrubber. Figure 11
shows moat of the equipment, particularly the Gow Mac carbon
dioxide analyzers and the Brown continuous balance potentiometerse
Just a small portion of the equipment shown was used for control
of the caustic unit. The oxygen content was also controlled and
provisions were included for adding oxygen as needed and for
even adding carbon dloxide if the concentration became too low.
These were all controlled by this panel.

The equipment for controlling the carbon dioxide content
consisted of a Gow Mac analyzer, a EBrown potentiocmeter, and a

Liston Becker carbon dloxide analyzer. The two Gow Mac units,
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only one of which was used, are seen on the left in Figure 11, and
the necessary drying and ascarite U-tubes are below ite Three
potentiometers, the middle one of which was used for the scrube
ber control, are located on the righte The Liston Becker 1is not
visible in the figure.

The Gow Mac analyzed the air stream and sent a weak signal
to the potentiometer, which responded to this signale. If the po=
teniometer deviated from the limited range for which it was set,
the scrubber either started or stopped, depending on which end
of the range was crossed. This hookup had a tendency to drift.
The Liston Decker instrument was used to calibrate the Gow lac =
Brown combination, and the Liston UDecker was in turn calibrated
with standard gases.

The Gow Mac operates on the thermal conductivity principlee.
The air was drawn from the ship's ventilation supply main at a cone
stant rate of 5 cubic centimeters per minute. A Stedman pump aid-
ed in pulling this gample at the desired rate from the duct and
through the instrument. This air stream must be dried, and this
drying is accomplished by passing the stream through indicating
silica gel in the U-tubes pointed out in the figure. The dried
air 1s then passed through one side of the Gow Mac instrument.
After this passage the air must be stripped of its carbon dioxide
and redried before passing it through the other side of the instrue
mente This 1is done by passing the air stream successively through
U~tubes containing indicating ascarite and sllica gel. The dry
carbon dioxide~free air isg then pasaod through the other
side of the Gow Mace The difference in thermal conductivity

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING QEPARTMENT, NORTHWESTERN UNIVERSITY
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of the air stream under these two conditions sets up an elec-
trical direct ocurrent signal of very small magnitude.

The signal from the Gow Mac was sent to the breaker-type
amplifier in the Brown potentiometer. <The potentiometer amplie
fied the electrical signale. The output from the amplifier
operates a control motor which drives the indicator arm as
seen on the face of the potentiometer in Figure ll. The small.
est division visible in the dial of the potentiometer was equi-
valent to approximately 0.01% carbon dioxide (or the main divi-
sions between numbers was approximately 0.l% carbon dioxide).
The range of the potentiometer can be set so that as the arm,
which indicates the composition, moves out of the range a microe
switch 1s operated which then activates the necessary switches
for the scrubber. The equipment was sensitive enough to cone
trol the carbon dioxide concentration at 1.520.03%. Due to the
drifting tendencies the actual sensitivity would be less accu-
rate.

This tendency to drift was corrected by periodic checks
with a Liston Becker instrument. The Liston Becker is an
infra red analyzer. This analyzer was first calibrated with
two gases of known constant composition. The carbon dioxide
content of the boat's atmosphere was then determined and if
@ drift in the Gow Mac - Brown system had occurred, the instru-
ment was reset. This consisted of resetting the Brown for a
new scale range that corresponded to the proper carbon dioxide
content range. These Liston Becker analyses were made once an

hour when possible. The instrument performed double duty and
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was not always avallable.
Electric Power Connections

The power required for the scrubber Installation included
110 volt and 220 volt alternating current. This power, in fact
all pover on the boat, was supplied from shore installations.
The eletrical equipment involved on the scrubber included the
feed pump (110 volts), recycle pump (220 volts), overside pumps
(220 volts), blower (220 volts), overflow valve (110 volts), and
timer (110 volts). All equipment was connected throuch switches
directly to the power supply. The overside pump switch was ac=-
tuated by a liquid level controller in the overflow sump. All
other switches were actuated by electrical sipnals from the Brown
potentiometer. These connections are snown in Figure 12. The
solid conneeting lines represent nower supply wires, and the
dashed lines represent wires carrying electrical control signals.

The delay switeh 1s necessary because of the liqutd holdup
in the vacking. V“hen the eq:ivment is shut down, this holdup
volume drains down Iinto the sum» and must be held there to pera
mit efflicient oner:tion when the scrubber is next started. !/nen
it is necessary to start again, the recycle pump starts first,
redistributing this solution through the packing. This arrange-
ment eliminates any low utilization of the caustic solution and
prevents the alr from picking up solution from a hirh liquid le=-
vel in the sumpe These two effects are minor, however.

The switches wore all located on a panel visible in Fiure 5.
On the top row were (1) the main disconnect switch (220 volt, 3

phase) for the scrubber which controlled all power except that to

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY

-




A ;“.3

]

2| 9anbi g4

' 1N03QIH NOILVY3dO --133HSMOT4 T¥IINL0313 LINA DILSAYD

3ANLLUSNE TVIIO0TONHIIL N¥ILSIMHLIHON
AYOLVHOBYT ONIN3IINIONI TVIIN3HD

dung 9312423y - AN

Kojay UO4IMS J84J04S

dwngd dwng -

\
191044U0) YI4ImS 434404S
[19A87 pinbin

UD4IMS 181104

iamo|g / |

B aal— S

041mMG ADJ®
OA|DA MO}JI8A0 L _.._ Has foied

| »D_Om

dwng

———r — — —— o———

L |
YOHMS 108UU0ISI(

Buigouoijsodosyg

| J3WJ04SuDJ |

P TT] f [p—

S4814N0 419A Ol -

w—— c———y

Yoiims §23uu0dsig

|
|
|

319A9 09 ‘@souyd € ‘+10A 022 -AiddnS Jemog |

joubis
A311044U0")




the 110 volt transformer, and (2) the 3,01 to 1000 minute elec-
trical timer (110 volts). In the second row were (1) the start-
ing relay switch for blower, feed pump, and timer, and (2) the
disconnect switch (220 volt, 3 phase) for the transformer which

is the 110 volt, sincle phase source. In the third row were (1)
the waste pump starter switech (220 volt, 3 phase), (2) the adjust-
able time delay relay (0-120 seconds), and (3) the recycle pump
starter switchs .n the bottom row was the starting relay switch

for the recycle pumpe.
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EXPER IMENTAL PROCEDURE
Operation Hideout

Th. duration of the operation was Srom January 19, 1953
until ‘farch 19, 1953 or a total of (0 days. All personnel and
equinment were on hoard, and the test ot underway at 0915 o'clock
on January 19. Ventilation wiih the outside atmosphere was maine-
tainsd until 1200, January 27. ©During this interval the carbon
dfoxide concentration ol the s:bmarine air was essentially the
sane as it s in the noiial atmosnheree. At 1300 o'clock on
January 27 the outside hatches were closed, at which time the
submarine atmosphere was essentially isolated. The carbon dioxide
content of the submarine atmospherc began to build up, reaching
the control content of 1.5+ at 2000 o'clocke From this time until
the ship's ventilation was again opened to the outside atmosphere
this isolated air was recirculated through th~ submarine. The
excess carbon dioxide which was generated was removed, and the
oxysen wh’'ch was consumed was replaced, but the nitrozen, argon,
and any other inert rases recirculated essentially unchanged
throughout the isolation nerlod.

At 2000 otlock on March 10 the ship's ventilation was again
opened to the outside atmosnhere. The personnel were then breath-
' ing essentially carbon dioxlide-free air again. At 1400 o'clock
i on March 19 the test was completed, and the personnel left the
boate.

The scrubber was used Jdurins the period January 27 through
| March 10 when the atmosphere was lsolated and the excess carbon

, dioxide had to be removed.
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Oporation Prenaration

Aftor the squipment was Installed, the prelimlnary testing
consisted of insurins that all cauipnent onerated, that the lines
were clear, and that proper onerntin- conditions could be attained
and maintained.

The stronr caustic solu*lon was made up in suf’fcient quantity
to last for the entire test. The amount made up was 24,030 pounds,
which quantity only partially {Illed the tank usad Cor the storage.
All o* this caustic made up was not u.ed during the teste. Approx-
imately 6000 pounds remained to be disposed of at the end of the
test.

Operation

The operation of the cqguir-ent was quite simple. Since the
serubber was turned on and off at the proper time by the elecironic
equipment shown in Figure 11, the required work consisted of n»er-
fodic ins~ections to verify the proner overation, mexing r2edings
and taking and analyzin- sauples to (dstermine the exact carbon
dioxids removal rate.

The operation of the scrubbsr consisted of intimately conw
tacting the air and caustic solution by passing them through the
1 inch Berl saddles in the scrubber. The carbon dioxide reacts
with the caustic solutlon according to the following reaction and
is removed from tne air.

Co, + 2NaOH «=—3p NaZCO3 + H,0

The fresh sodium hydroxide solution (2.5N) is metered into
the scrubber at a constant rate by the proportionating pumps.

These pumps were calibrated and set to deliver the proper amount

CHEMICAL ENGINEERING LABORATORY, GHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY

- -




e e - P i

- o ReSTRICTED 4

of water and 2R.5% caustic solutione The volume of the diluted
solution was checked by a displacement flow meter. <ihe flow
meter reading was actually less accurate than the callbration

of the feed pumps. It served best to check against failure in
the feed line such as a freeze w.ich might either drastically
reduce the flow or hold valves oven and permit an excessive flowe.
After reacting with the carbon dioxide, the spent solution flowed
out the overflow and was pumped overboard. In passing through
the scrubber over 80% of the sodium nydroxide has been converted
to sodlum carbonate.

Readings taken durin- the teat included (1) the meter reading
on the feed stream, (2) the reading of the electrical timer, and
(3) the manometer readins of the tower pressure drop. The carbon
dioxide content of the air in the ventilation system as determined
by the Liston Becler and the carbon dloxide content of four com-
rartments as determined by the Dwyer were also recorded.

The meter reading checked the feed pump operationes The timer

| reading indicated the time ¢the scrubber was in operation and the

time of operation of the feed punps. +he recirculatins pump always
operated 30 seconds before the rest of the equinment went into
action, and it was the latter time which was important and which
was measured. This time was the secrubber operating time which was
used to determine the carbon dioxide removal rate per hour. It
was also the time used to measure the operating time of the feed
pumps and thus the feed volume.

The manometer measured the pressure drop of the air stream

through the scrubber. After setting the air rate on a pronerly
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funetionins tower the manometer could be used to detect pluggage
in the entrainment separator or of the packing (increase of AP),
a pluggace of the liquid distributor (decrease of AP), an exces-
sively high 1iquid level in the sump (an increase in AP), and

t several other possible o.ourrencecse.

Samples of the liquid solution fed into the scrubber and of

g the effluent solution leaving the tower were taken at frequent in-
. tervals. AQuiek apnroximate analjses were verrormed irmediately
aboard the submarine. These analyses were also used 10 check the
oneration of the feed streame A variation in the sodium hydroxide
normal ity wo:1d indicate trouble due to Treegzing in either the
water or the caustic feed solution. A rariation In the carbonate-
hydroxide ratio in the effluent stream would also indicate a pluge
gage in the line of elther solution or ol both solutions.

The samples for precise analyses verse token to the laboratory
! on the barge. Thase nalyses were used to determine the carbon
i dioxide removal rate effected by tithe scrubber.

The carbon dioxlde removal rate could also be obtained by
the air analyses, but the mothod was more dilficult to carry out
and was considered to be less accurate than the liqulid analysise
In addition the conditions of the tower are more .iifficult, if
not impossible, to determine from the air analyses alone.

The only difficulty during the test was in tha feed of the
caustic solution to the scr.bver. Tils was due principally to
freezing of the lines. The pumps should have a discharge
\ head greater than the suction head. Pressure control valves placed

downstream of the pump were susceptible to failure. This all ree
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' sulted in the precautions to check the feed streams.

i

Liquid Analxses

The compositions of the solutions were determined by both
anproximate and precise analyses for different purposes, as pre=
viously described.

The precise analyses were made in the analytical s»ace pro-
vided on the work barge. A seaman was speclally trained to carry
out these analyses, and the technique was frequently checked by
the eagineer who duplicated the analyses. |

Tne class:cal metnod ror a volumetriec analysls of a strong
base conta’ning: cart nate was followed. <Lhe normality of the
hydroxyl ion, carbonate ion, and taeir sum, the sodium lon nor=-
mal ity, were determined.

Into a clean Erlenmeyer flask (250 ml) a measured portion
of the liquld sample was plpetted. To thls was added a solution
of barium chloride in excess of the theoretical amount required
to react with the carbonate lon and remove it as a precipltate.
The solutior vas then diluted with distilled water and two drops
of phenolvhthalein indicator were added. <The supernatant liquid
now contains essentially no carbonate ion. This slurry 1s then
titrated with standard hydrochloric acid (ca.0.1N) until color-

i lesss The nydroxide ion has then been neutralized, but the care
 bonate 1is still intact as the solld barium carbonates

| Two drops of methyl orange indicator were then added and the
i titration continued until the solution color changed I'ronm yellow
to oranges During this second addition of hydrochloric acid, the
- barium carbonate dissclves and reacts with the acid and carbon




RESTR!CTED
L8

dloxide is liberated. The solution is theaboiled to expel all
the literated carbon dloxide w-ich has remained in solution.
Durin: boiling the solution will change color back to yellowe
After cooling the solutiony the titration is continued until the
solution arain tirns orange. At this point all the carbonate
ion has been neutralized, and the resulting carbon dioxide has
been released from the solitlon.

lhe normalities or hydroxide, carbonate, and sodium ions
present in the original saunple can then be determned from the
nornality and volume of hydroc:loric acid used and the volume
of the oririnal sample. The hydroxide normality i1s determined
from the amount ol acld required to reach the phenolphthalein
end pointy the carbonate normality from the acid needed to reach
the methyl orange end point from the phenolphthalein end point,
and the sodium normalit, from the total quantity of acid used.
“he compositionsof the Inlet and effluent liquid streams were
then used to determine the amount of carbon dioxide removed by
the scrubber.
: The results of these analyses were oprecise, and as a result,
§ required considerable time. This delay was too long to be use-
E ful in detennining the operating conditions of the scrubber. As
; & consequence, therefore, a quick, abbreviated analysis was made
: when needed so that any trends in the operation of the caustie
i unit could be more closely followed. 1lhese were carried out in
i the forward torpedo roome. In these analyses the sodium ion con=
' centration was of princlpal interest. Approximate results, whieh

. were satisfactory, could be obta'ned quite rapidly by titrating a
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sample to the methyl orange end point without the addition of
. barium chloride. From these titrations any major changes in the
concentrations of the solutions entering or leaving the scrubber

could be immediately detected, and the adjustments could be made

as necessarye.
Pump Calibration

The pump for the feed solution was a piston type positive
displacement pump. Its discharge rate could be varied by the
: length of the piston stroke. The discharge volume could be cal-
culated directly from the piston displacement and a knowledge of
the slippage. The discharge rates at various piston displacements
. were determined by measuring the discharge. This was done by
! measuring it both by volume and by weighte.

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING ummv. NORT
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TREATMENT OF DATA

All the pertinent data are tabulated in Tabls 7 in the
Appendix. Each page represents the data of one day's operation.
The information mresented included the readings taken, the analyses
of the submarine air, the analyses of the liquid samples, the cal=-

culations of the carbon dioxide absorbed, and the carbon dioxide
absorption rate.

The operating time of the unit is an approximate indication
of the carbon dioxide removal rate or the carbon dioxide generation
rate. The cumulative operating time for each day is thus plotted
va. the time of the day. These are Figures 21 through 62 in the
Appendix. An average for all days of the cumulative operating time .
of the scrubber at each hour of the day was determined, tabulated
in Table 3, and plotted in Figure 13. Similar averages were pre-
pared for weekdnys only, Figure 1), weekends only, Figure 15;
Saturdays only, Figure 16, and Sundays and holidays only, Figure
17.

The breakdown of these data between weekdays and weekends was
made because the personnel were on "holiday routine" on Saturdays,
Sundays, and the one holiday. The results were expected to be
somevhat different between weekdays and weekends. These data are
all 1listed in Table 3.

The carbon dioxide absorbed presented in Table 7 were based
on the amount of caustic solution passing through the acrubber as
measured by the liquid flow meter and the concentration of the

i CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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‘ Table 3
CAUSTIC UNIT AVERAGE OPERATING TIME
Time of
~Day Caustic Unit Operating Time
Sundays and
411 Days | Week Days | Veek Ends | Saturdays Holidays |
(42) (29) (13) (6) (7) 1
O'clock Minutes Minutes Minutes Minmutes Minutes J
o2 o | g | g® | g | g
0200 1.77 | 1L4.80 15.37 | 17.79 13.30 |
0300 3.67 19,17 20.78 | 22. 9 19.32
oli0o 2 22.08 25.8 25. 26.
0500 27.81 27.20 29.1 27.00 31.03
gégg 31.9 32.%3 3i.%6 | gg.gs 3;.9% :
0800 Es.fo RN 0o.83 | 35, Dide
2 na | w | Em o g | g
1100 85.1 96.11 265 | 5047 6902
1200 93.48 111.20 68.2 . 61.03 75.00
1300 102-9& 125.76 g 69.32 ?g.zo
100 12%.2] 141.56 ﬁ 75.54 8 .2% ,
1500 137.73 158.91 9o 83 93 96.0
1600 1%%.&6 178.68 100. %3 52 107.1
1700 168.00 194.55 108. 100.7 115.6§
1800 180.05 207.00 119.92 109. 1zg.o
1900 193.43 221.61 130.58 % 138.40
2000 205.95 234.38 142.5 1ﬁ 1 150.96
2100 216.03 2&h.9g 153.7 162.22
2200 226.27 251, 164 .43 172.66
2300 gﬁﬁ.o& 26&.@7 171.60 162 6 179.80
00 ;8 27 .6l 179.52 167.76 189.60
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carbonate lon as obtained in the analysis of the liquid effluent.
The equation for obtaining these values is shown in Note 3 on the
first page of Table 7.

A more rigorous determination of the amount of carbon dioxide
absorbed was measured by the amount of solution passing through
the scrubber and the amount of conversion of the hydroxide ion to
the carbonate ion as obtalned in the exact analysis of the liquid
effluent. The net feed solution flow was determined from the pump,
the operating time, and was adjusted for evaporation losses and
leakape past the pump when such existed. The total operating time
for each day, the total carbon dioxide absorbed each day, and the
carbon dioxide absorption rate for each day are tabulated in Table
e A plot of the carbon dioxide absorbed each day is plotted vs.
the date in Figure 18. Also, a plot of the carbon dioxide absorp=-

tion rate vs. the date is presented in Figure 19,

CHEMICAL ¢ NGINEERING LABORATORY, CHEMICAL ENGINEERING WPARTW‘PNf. . ﬂOﬁTHﬂE%’!EﬂN UNIVERSITY
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Table |

OPERATING TIME AlD CO2 ABSCRPTION
DAILY SUMMARY

—Date _ _Operating Time Carbon Dioxide Absorbed
Total Rate
Minutes 1bs lbs/hr 3
January |
28 327.1 65.23 11.90 :
30 23,28 2094 S.16
31 123,10 7.90 3.85 |
February |
1 1,0.05 9.73 .18 ;
i 217.1 32.45 8.39 ‘
225.81 31.&6 8.0 !
5 211.13 27.5 7.30 ;
6 198..,2 2547 7.80 |
7 139.65 17.39 .51 :
8 187.59 26.65 8.51 !
9 1.35 27.08 6.7l ,
10 168.33 26.31 9.0 !
11 181.23 33.05 10491 ;
12 29025 3.32 11.02 |
iﬁ 2zg.ga ai.lé 10.75 :
138.59 o177 10.72
1 137.21 20. 8.8
1 278.97 L45.6 9.8
17 330,18 53..48 9.72
18 311.82 1.00 9.81
19 262.07 1.1k Qe
gg 279.7 L6.0l 9.3%
55 207458 35.13 10.15
2 170.62 31.10 10.95
229.06 39.56 10.37
g 301.87 0.16 9.97
5 281.&% 7.80 10.1
57 367.1 0602 9.9
28 gia-gg 55-&% 10.23
2 275.15 50.75 u.og
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Tabls L (cont.)
OPERATING TIME AND 002 ABSORPTION
Date Operating Time Carbon Dioxide Absorbed
Total Rate
Minutes lbs 1lbs/hr
M
"'Eh 334457 56.21 10.07
2&0.33 SE gg 9.2 |
0.9 Qe ;
2 23437 1.23 10.5} |
7 163. o7 27458 101t |
8 236 38.%2 9.22 ,
9 . . !
10 212.);3 _ ? 011 8.52 |
1832.37 P ,
Total and rate (all days) 1632.37 9.77 ‘
l
Potal and rate (weekdays) 1274.21 9.9 |
Total and rate (Saturdays, !
Sundays, and Holidays) 358.16 9.21 |
Total and rate (Saturdays only) 152.13 9.07 ?
Total and rate (Sundays and
Holidays only) 206.03 9.31

¢
f
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INTERPRETATIONS OF RESULTS

An observation of Figure 13, the cumulative operating time
of the scrubber vs. the time of the day shows a low operating time
and thus a low carbon dioxide generation rate between midnight and
0800. About 0600 the scrubber operating time begins to increase
until 0900 at which time it reaches its maximum operating time per
hour. This maximum operating time 1is maintained until 2000 ofclock
at which time the operating time begins to decrease. This pattern
! 18 even more pronounced in Figure 1l which 1s for weekdays only. i
| The operating time 1s nearly constant throughout a 2j~hour
day on weekends as shown in Figure 15. When the weskends are
separated into Saturdays and Sundays, it is found that it 1is princi-
pally on Sunday that the rate 1s nearly constant throughout the
2j-hour period. It 1s interesting to note that the rate is high

between midnight Friday and 0200 on Saturday, after which it tapers
off rapidly and is maintained at a low rate until 0900 when the

rate increases ag:in.

The amount of carbon dioxide absorbed each day is presented
in Figure 18. The result of low activity on weekends 1is, of
course, reflected here also. Sundays fall on February 1, 8, 15,
| 22, March 1 and 8. Sa%urdays and Sundays generally show a lower
| amount of carbon dioxide removal, which reflects a lower amount of
carbon dioxide generated. The test ended at 2000 on March 10, so
the value for that day does not represent a full 2j-hour period.

The rate of carbon dioxide absorption is shown in Pigure 19.

CHEMICAL ENGINEERING LABORATORY, cntm ENGINEERING DEPARTMENT, NORTHWESTEAN UNMIVERSITY |
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The low values obtained through February 9 can be attributed to
analysis difficulties. The preparation and standardization of
an acid, and the training of an analyst were problems in this
period. Data obtained for later dates, the accuracy of which was
more exact, indicates that these early values are undoubtedly low.
Since no means were available for adjusting these values, no
attempt was made to do so.

The average carbon dioxide removal rate for the ;2 days was
9.77 pounds per hour. This 1is higher than the 7.50 pounds per
hour which the unit was designed to remove from air with 1% carbon
dioxide. A higher value than 7.5 was expected and the test veri-
fied the exact value of this rate. The rate over the last 27 full

days was 10.6 pounds per hour. The high absorption rate at a higharg

per cent carbon dioxide in the air was indicated in a chart in a
previous roport}3) though the value presented there was conserva-
tive.

A result of the increased absorption was an increase in the
conversion of the caustic to the carbonate. This was a result in-
directly attributed to the 1.5¢ carbon dioxide content of the air.
The conversion namally ranged between 85% and 94%, while it would
have been 80f 1f the unit had been operating under the original
design conditions. This result was also expected.

An exact average of the conversion of the caustic would be
difficult to obtain without many more analyses of the liquid
effluent. However, a weighted average was obtained by weighting

CHEMICAL ENGINEERING LABORATORY, GHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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the percent conversions for each day's liquid analyses to get a
daily weighted average. The welighted average percent conversions
of caustlc for each day are listed in Table 5 and are plotted in
Figwe 20. The simple overall average was obtained by averaging
the dally weighted averages, and the welghted overall average by
aver;aging the weighted percent conversions. The averages are

respectively 87.4 and 90.3%. The valuss of the weighted daily

averages and the overall averages are quite accurate since the
percent conversion varied over a narrow range throughout the
test.

The chain of interacting influences reach a stabilized point
at which the tower operates. The amount of carbon dioxide absorbed
depends on the value of K_a, the mass transfer coefficient, and

g
the driving potential, (Ay)m in the equation

N = KgaVP(Ay)m

where N 1s the pounds of carbon dioxide absorbed per hour, V is

the scrubber volume, and P 1s the total pressure of the system.
The increase in the inlet carbon dioxide concentration from
1% to 1.5¢ would tend to increase the amount of carbon dioxide
absorbed, N, by 504. With no change in the rate of feed of the
caustic solutlion, the percent conversion would increasee As the
percent conversion increases, the value of the Kga decreases.
An absorption increase slightly less than 50% would thus be expecteds
The xsa could be maintained constant by increasing the feed rate
of the caustic solution so that the conversion of hydroxide ion

to carbonate ion was the 80% design figure. The first procedure

CHEMICAL ENGINEERING L ABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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Table 5

CAUSTIC UTILIZATION

i DAILY WEIGHTED AVERAGE

; Date Utilization Date Utilization

! Percent Percent
: January February
! 28 88.8 18 88.0
’ 29 89.l; 19 86.3
! 30 90.2 20 88.
i s 2 20
; e bru ¢
1 i 96.7 2 gh.
. 2 gl.o 2 89.2
7.2 2 30'6
! 82.3 2 7.2
! 7. 27 86.3
i 6 go. 28 86.9
7 Z.9 March
g ge.g 1l 8?.2
° 2 9 '9
10 Tl e 5
B a 0
12 7%.7 5 7.7
1 76.8 6 89.5
75.2 7 92.1
1 757 8 93.9
1l 87.2 9 93.2
17 88.8 10 90.9
Simple Overall Average 87.4

Weighted Overall Average 90.3
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was followed since it was felt the additional incresnss In carbon
dioxide absorption would not be as important as the inecrense 1in
utilization of the caustic.

The average amount of carbon dioxide removed p-r -iay (13.9
pounds) does not equal the previously determined amou:ii o carbon
dioxide that 23 humans would genarato(h) in one day (%0.7 pounds).
If only the data between the dates 2/11/53 throuzh “/3/52 aro used,
which are considered more reliable, the average car :on dioxide
removed per day 1is L3.9 pounds. These values are shown !n Tanle O

There &6 several factors in this operation wn'r. - ¢
account for the deviationt

(1) The averags activity of the personnel may ' lower *than
that required to generate carbon dioxide at the ave:ra~~ rata,

(2) There may be exchange of air with the outs.inr a'r.

(3) There may be leakage due to a slight prosaiwr~ 1! fepr~ntial
between the submarine interior and the surroundings.

Item one can undoubtedly account for part of this deviation.
During weekdays only, when the activity was probably at =more
nearly the average rate, the average carbon dioxide rsmoved during
the whole test was }3.9 pounds per day. During the 27 days from
2/11/53 through 3/9/53 the average carbon dloxide removed was 49.4
pounds per day. These valuss are respectively 6.8 and 1.3 pounds
less than the accepted rate.

The generation rate of one person at rest was given ns 0.50
oth(1) op 33.8 pounds per d&i for 23 men. Activity on weeksnds
might better be compared to this valuse The average carbon dioxide

i comemarat i & e e o .

Chi ML FNOINEERNG L ABURRTORY, CHEMGOAL ENGINEERING DEPARTIIENT, NORT- w(STERN uNWERSITY
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removed per day over weekends was 27.5 pounds (average over whole
test) and 32.9 pounds (average over period 2/11/53 through 3/9/53).
These values are respectively 6.2 and 0.9 pounds less than the
previously determined valuee.

A source of carbon dioxide loss would be present if the boat
pressure was slightly greater than the outside pressure and there
was a leake The carbon dloxide loss would depend on the rate of
this leake. This leak could not continue very long without equal=-
izing the pressure or requiring that more air be supplied to the
inside of the submarine. Since nitrogen would also be lost in a
leak, added oxygen along coul not compensate for the leak since
its feed rate was govorned by the percent of oxygen in the sub-
marine air. Either nitrogen or air must also be supplied to the
interior of the submarine. The carbon dioxide loss would depend
on the ls ak rate, and if the leak rate was uniform, the carbon
dioxide loss would be fairly constante. The figures arrived at by
various assumptions for the carbon dioxide loss during weekdays
and during weekends are about the same and might be accounted for
in this manner.

At the conclusion of Operation Hideout, Dr. Nichols made a leak
test on the submarine that was used and obtained a L.68% leakage
in 12 hours. Assuming a net volume in the submarine of 23,000
cu. fte, this leak rate would indicate a loss of 23.8 cu. ft. of
carbon dioxide per day or approximately 2.75 pounds per day of care
bon dioxide if the volume is measured at 60°F and 760 mm. Hg.

CHEMICAL ENGINEERING L ABORATORY, CHEMICAL ENGINECRING DEPARTMENT, NORTHWESTERN UNIVERSITY
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Another factor to be considered is the exchange of alr between
the submarine and its surroundings. This could be due to the
breathing of the submarine through small openings and would be
caused by changes in barometric pressure and by air temperatures
both inside and outside. It could be due to exchange through the
air lock due to traffic entering and leaving. This would depend
on the traffic volume and should be higher on weekdays when the
medical teams and other personnel were observing or inspectinge
These extra personnel would also contribute to the carbon dioxide
generation, however, amd it is possible that these two factors

essentlally cancelled each other.

'
1

The interchange of air for each passage through the hatch can-

not be determined accurately. With some assumptions and estimates,
an order of magnitude of the possibls carbon dioxide loss through
this means can be indicatede Let it be assumsd that the hatch has
a volume of approximately 50 cubic feet and that the alr in this
volume approaches within 0.2% of the concentration of the atmos-
phere on the other side of the open hatche That 1s, when the hatech
i1s opened to the submarine interior and a man enters or lecaves the
hatchway, the air in the hatchway has 1.3% carbon dioxide. When
the hatch 1s opened to the outside and a person enters or » aves,
the air has a carbon dioxide content of 0.2%. The net loss of
carbon dioxide per opening is

S0 (0013-0002’ CUe fto/”!lls.

CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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j;% (100) (.013-.002) = 1375 1b mols/100 passages
= 6,05 1bs/100 passages

This is based on an average temperature and pressure of 60°F and
760 mm. Hge

It is apparent from the preceding analysis that there could
be a loss of carbon dioxide to the outside. The loss of air that

5 must contain this carbon dioxide 1is

1 37 1
.01

= 57l cue fte./1b of carbon dioxide lost
If the assumptions are very accurate, then on a weekend, about 15
openings of the hatch in a 2j~hour period would account for the
carbon dioxide loss during the last 27 full days of the test. This
would mean an exchange of air of about 500 cubic feet.

The oxygen concentration was maintained at a value essentially

the same as the ambient air. If this concentration had been

§ essentially different, the oxygen consumption could be used to

check the carbon dioxide deviations.

The possible losses of carbon dioxide are indicated as pos-
sibilities since it 1s also possible that there were no appreciable
losses and the values obtained, properly adjusted, should be used
as the basis of carbon dioxide generation in future planning.

The variation of the carbon dioxide absorbed per day can dbe
attributed thus to several factorse The variation of the carbon
dioxide absorption rate can be attributed to variation in the

liquid analyses. Sources of error are in the analyses themselves

CHEMICAL ENGINEERING LABDORATORY, CHEMICAL ENGINEERING mm. NORTHWESTERN UNIVERSITY
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and in the sample procuremente. Precautions were taken to mini-
mize both of these.

Another cause of the variation would be the gas analysese.
If one day the carbon dioxide concentration was kept consistently
high (for example 1.6%) and another day the concentration was
maintained consistently low (1.4%), there would be a deviation of |

the absorption rates Such a gas composition variation would cause

a variation in the rate of about 13%.

A slight variation in the +alue of the carbon dloxide |
abgsorbed per day 1s due to the clock which was used. The clock
gained such that after several days it would be necessary to set
it back a half hour. On such days the elapsed time was about
24=1/2 hours in one day. This factor would tend to be smoothed
out and become unimportant in the averages.

An observation of the chart, Figure 18, for carbon dioxide
absorption indicates an upward trend in the carbon diaxide removal
as the test proceeded. Even when the early days of the test are

f discounted, a slight trend 1s in evidence.

b
!
,'
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CONCLUS I0iIS AID RECOILENDATIONS

The conclusion drawn from this test was that the equipment

excellently performs the task for which it was desipgned. It re=
moves carbon dioxide at the desired rate with adequate utilization f
of the caustic. The scrubber was designed to maintain a 1% carbon i
dioxide atmosphere. Since in Operation Hideout it was required to }
maintain a 1.5% carbon dioxide atnosphere, the removal rate and per |
cent of caustic utilization were higher than the design values. f
Theseresul ts were expacted. E
The scrubber is expected to remove or reduce the concentration ,
of all base reactive material from air and to absorb physically mnnyj
other materials. The ceaustic solution is saturated with air and |
will not absorb any oxygen or nitrogen. The caustic solution will
remove chlorine and acrolein, for example. The odors, cigarette

smoke and other fumes were very low in the opinion of veteran sub=-

|
r
!
!
|
marine personnel, and this lack of odors and smoke can be attribu- i
ted to their removal by the caustic serubber. i
The research which is required in the future on this caustic |
!

system can be divided under two principle headings, (1) the adapta-
tion of the unit to the submarine and the final design of a unit, |
‘ |
- and (2) the lmprovement of the system. The work to be done is out- |
I

- lined belowe.

1l Bulld a package unit for the actual conditions and require-
ments for standard installation on a submarine. This would
require close liaison with navy personnel familiar with

navy requirementse.

l.1 A knowledge would be required of the space available, the
| CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEEAING DEPARTMENT, NORTHWESTEAN UNIVERSITY
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size, shape and location of this space. Whether the

avallable space i3 in onc or scveral pleces must be

knowne
1.2 Jesign and build the equioment to fit thls space. j
|
l.261 Procure a recycle punp of the proper socund and power
characteristics.
1.2.2 Determine the blower source, whether the avallable ‘

blowers could be utilized for the unit if desired,

or 1f a blower must be provided.

l.2.3 Study the method of dlsposal of waste. This would
determine if waste was to be discharged continually :

or periodicallye.

1.2.) Determine minimum sca pressure during which unit would i
be operating. This would determine whether a feed pump

was necessary.

1.245 Procure a flow control device for automatically controle

ling feed rates.

1.2.6  Determine if 1t wero dcsirable to have unit controlled
from a carbon dioxide analyzer. If required, procure an
instrument and adapt it to the scrubber. If scrubber is
to be turned on manually when carbon dioxide analysis ine
dicates that it should, a single switch would be sufficie

ent,

i

| C(HEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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2 Study methods to improve the unit.

2el Study the rhysical deslign to obtailn a more streamlined

unit without affectin~ the efficiency of the unite.

2e2 Study alternate methods of contacting to determine if

a reduction in equipment volume, fluid flow rates, and

power requirements can be attained.

2el61 Study contacting with spray nozzles.

2e242 Study contacting with porous plates.
20243 Study contacting with other means.

23 Study use of alternate materials to determine if reduc-
tion of items in 2.2 can be attaineds This would ine

clude studies on such material as potassium hydroxide.

| CHEMICAL ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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Scrubber Operation
Operating Time vse Time of Day
List of Figures for Detall Results by Days

Figure Date Page Figure Date Page |
Number Number Number Number .
January Februar ,
21 28 12 L2 18 v Uy
22 29 1 l 19 1hg
gﬂ 30 122 20 1
31 12 21 7
February 46 22 1,8 |
25 1 127 L7 23 1&9
26 2 128 148 150
27 3 129 L9 2 151 |
28 L 130 50 26 152
29 5 131 51 27 15
30 6 132 52 28 15 !
31 7 13 March !
32 8 13 5 1 15 ;
3 9 13 5 2 15 i
3 10 13 5 157 !
3 11 137 56 158 !
3 12 138 S1 159 ’
37 13 iﬁg 58 1 ‘
38 1 0 59 7 161 |
9 1 11 60 8 162
0 1 U2 61 9 16
L1 17 3 62 10 1
|
|
|
|
|

| CHEMICA, ENGINEERING LABORATORY, CHEMICAL ENGINEERING DEPARTMENT, NORTHWESTERN UNIVERSITY
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